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ABSTRACT: Designing stable open-shell organic materials 

through the modifications of the π-topology of molecular organic 

semiconductors have attracted recently considerable attention. 

However, their uses as an active layer in organic field-effect 

transistors (OFETs) are very limited and the obtained hole and 

electron charge mobilities are around 10−3 cm2 V−1 s−1. Herein, we 

disclosed the synthesis of two materials so-called tetraceno-

tetracene (TT) and pentacenopentacene (PP) which have low 

band gap of 1.79 and 1.42 eV, respectively. Their ground state 

natures have been investigated by different experiments including 

steady state absorption, electron spin resonance, superconducting 

quantum interfering device (SQUID) and variable temperature 

NMR along with DFT calculations. TT and PP have closed-shell 

and singlet open-shell structures in their ground state, respective-

ly, and possess high stability. Their biradical characteristics were 

found to be 0.50 and 0.64. The origin of the open-shell character 

of PP is related to the concomitant opening of two tetracenes with 

the recovering of two extra aromatic sextets and a small HOMO-

LUMO energy gap (gap < 1.5 eV). Thanks to the high stability, 

thin film OFET devices could be fabricated. In TG-BC configura-

tion PP shows remarkably high hole mobility of 1.4 cm2 V−1 s−1 

while TT exhibits a hole mobility of 0.77 cm2 V−1 s−1. In configu-

ration of BG-TC, ambipolar behaviors for both were obtained 

with hole and electron mobilities of 0.21 and 0.01 cm2 V−1 s−1 for 

PP and 0.14 and 0.006 cm2 V−1 s−1 for TT. 

INTRODUCTION 

Acenes composed of laterally condensed benzenoid rings are a 

special class of polycyclic aromatic hydrocarbons (PAHs) that 

have been intensively studied in the last two decades.1 Functional-

ized acenes up to five benzene rings have been of interest in po-

tential applications going from organic light-emitting diodes 

(OLEDs), organic photovoltaic devices to organic field-effect 

transistors (OFETs).2 For this latter application, the benchmark of 

soluble acenes is 6,13-bis(triisopropylsilylethynyl)pentacene 

(TIPS-PEN) that showed excellent compatibility between stabil 

Chart 1. Clar’s structures of the closed-shell form of TIPS-

Anthanthrene, TT and PP. 

 

ity and solubility and exhibited good charge transport.3 Since the 

mobilities in OFETs depends on the packing in the solid phase 

and the reorganization energy that decreases with the acene 

length, longer acenes containing more than five rings were partic-

ularly promising for optoelectronic devices.4 Although in the past 

decade, the synthesis of soluble hexacene, heptacene and 

nonacenes functionalized with silyl acetylenes was achieved, their 

stabilities in solution were detrimental to show their intrinsic 

properties.5 Indeed, nowadays, it is clear that longer acenes should 

be regarded as singlet open-shell PAHs in the ground state.6 In 

recent years, a large number of delocalized biradical PAHs that 

can be written with a Kekulé structure including bisphenalenyls, 

zethrenes, indenoacenes, anthenes, peri-tetracene and rylene 

ribbons have been disclosed.7-13 Compared to longer acenes, the 

stability of those biradicals are genuinely higher due to the pres-

ence of at least two aromatic sextets. For most biradical PAHs, the 

reactive sites are functionalized with bulky groups which are not 

really excellent groups to promote good -stacking in the solid 

state, leading to charge mobilities of around 10−3 cm2 V−1 s−1 at 

best in OFETs.8e, 10e, 10h Finding a chemical structure combining a 

biradical character in the ground state, high stability and suitably 

functionalized to promote high -overlap in the solid state is 

highly appealing for the fabrication of ambipolar OFET devices. 

In the recent years, some groups including us have been inter-

ested on two dimensional (2D) PAHs based on tetracenotetracene 

derivatives (TT) that correspond to two tetracenes fused at the 



zigzag edge in different manners.14 They have shown similar 

optoelectronic properties like TIPS-PEN associated with high 

charge mobility and stability. The enhanced stability has been 

associated to the presence of two aromatic sextets in the molecule, 

leading to high distortion energy in interaction with oxygen.15 

Indeed, the change of aromaticity from TT to its oxidized form is 

globally comparable to that observed from anthracene to its oxi-

dized form.16 Since TT can be regarded as a dibenzoanthanthrene 

and TT functionalized with only TIPS-acetylene groups in the 

8,16 positions has an absorption maximum (max) at 648 nm, 

corresponding to a bathochromic shift of 153 nm (0.59 eV) in 

comparison with TIPS-anthranthrene ANT (495 nm),14d, 17 the 

corresponding TIPS-dinaphto-anthranthrene so called pentaceno-

pentacene PP as shown in Chart 1 should have a max around 800 

nm, absorption behavior in between alkylsilylhexacene (740 nm) 

and alkylsilylheptacene (840 nm).5a Since longer acenes are sin-

glet open-shell in the ground state and PP is an acene-like mole-

cule, if the energy gap HOMO-LUMO is a critical factor for the 

occurrence of the biradical character as shown recently by Wu, et 

al. on their study of rylene ribbons, PP should be a singlet biradi-

cal and could be an excellent organic semiconductor.13 

Herein, we report an efficient synthesis of PP and its smaller 

homologue TT for comparison and discuss their optoelectronic 

properties and stabilities and their ground-state electronic struc-

tures studied by different experiments and density functional 

theory (DFT) calculations and finally theirs charge transport 

behaviors in OFETs. 

Pristine PP has been recently prepared using a simple method-

ology so-called dehydrative -extension (DPEX) from the cyclisa-

tion of pyrene functionalized with two 2-naphthaldehyde deriva-

tives.18 However due to the insolubility of the material, no optoe-

lectronic properties have been reported. 

TT and PP have been functionalized with TIPS-acetylene in 

the most reactive positions as recently shown in TT derivatives, to 

ensure stability and solubility and to promote good -stacking in 

solid state.14b The phenyl groups are here not only to avoid the 

competition between 1,4- and 1,2-addition on the carbonyl groups 

of the TIPS-acetylene groups at the last stage of the preparation 

but also to be eventually beneficial for the solubility and the 

packing issues.14c-d 

RESULTS AND DISCUSSION
 

The synthetic path for the preparation of TT and PP derivatives 

is depicted in Scheme 1 and follows the strategy used previously 

for the synthesis of TT derivatives.14b From 1,6-dibromo-3,8-

diphenylpyrene 1, cross-coupling reaction with phenyl- or naph-

tylboronic acid pinacol ester derivatives afforded diester 2 and 3 

respectively in yield above 90%. The TT-dione 4 and the PP-

dione 5 were obtained in excellent yield via a double intramolecu-

lar acylations using TfOH as activator.18 Addition of the lithium 

(triisopropylsilyl)acetylide to either 4 and 5 followed by SnCl2 

mediated reduction of the diol intermediates afforded the desired 

TT as dark blue solid and PP as dark green solid with yield 

around 50%. The structure of TT was confirmed by X-ray diffrac-

tion and the purity of samples was checked by 1H NMR, MALDI-

TOF measurement in which only one peak assigned to molecular 

ion of the materials was observed and by elemental analysis for 

PP (see Supporting information). For this latter analysis, the 

expected values for carbon and hydrogen are 87.40% and 6.93% 

and the found values are 87.16% and 6.96%. 

Optical and Electrochemical properties: TT and PP are blue 

and light green in chloroform solution, respectively. The UV/Vis 

absorption spectrum of TT shows typical acene-like vibronic 

feature with three distinct bands at 559, 608, and 662 nm (max) 

that increase in intensity going towards the low energy of the  

Scheme 1. Synthetic path of TT and PP. 

 

(a) Ester boronic derivatives, Pd2(dba)3, S-Phos, K3PO4, tolu-

ene/water, 100°C; (b) TfOH, 1,2-dichloroethane, 90°C; (c) 1) 

Lithium TIPS-acetylide, THF, 0°C, 2) SnCl2/HCl for TT and 

SnCl2, toluene, r.t. for PP 

spectrum (Figure 1 (a)). In the similar manner, the typical three 

bands are observed for PP with max found at 806 nm which is 

red-shifted of 142 nm (0.33 eV) compared to that of TT and max 

appears between hexacene (740 nm) and heptacene (840 nm) 

functionalized with silyl-acetylene groups as expected.5a Like 

functionalized heptacene derivatives and most of singlet biradi-

cals, after max, a weak and broad transition is observed that ex-

tends up to 900 nm.5b-c This small transition that could be attribut-

ed to the HOMO, HOMO → LUMO, LUMO double excitation, is 

the signature that PP has a significant contribution of the singlet 

biradical form in the ground state.20, 7a It is noteworthy that the 

molar absorption coefficient (at max of TT (94000 L mol-1 cm-

1) is 1.27 larger than the value obtained for PP (74000 mol-1 cm-

1), indicating that TT has a higher over whole aromaticity than 

PP. Indeed, in a similar manner, TIPS-tetracene (32000 L mol−1 

cm−1) has an value 1.23 higher than TIPS-PEN (26000 L mol−1 

cm−1).21 

 

 

Figure 1. (a) Absorption and emission spectra in chloroform and 

(b) Cyclic voltammetry of TT and PP in chlorobenzene. 

TT exhibits significant fluorescence properties in chloroform 

solution and emits at 679 nm with the fluorescence quantum yield 

of 63% and the total decay lifetime of 7.6 ns. As for low band gap 

materials with a significant contribution of the singlet biradical 

form in the ground state, PP shows very weak fluorescence at 904 

nm when excited at 806 nm, with the fluorescence quantum yield 

of 0.8% and the total decay life time of 4.3 ns. It is noteworthy 

that the fluorescence spectrum obtained using an excitation wave-

length of 365 nm, on top of the band at 904 nm, exhibits two 

weak fluorescence bands at 460 nm and 670 nm that increase 

strongly in intensity with the number of scans (see Supporting 

Information). These results indicate that PP degrades readily to 

two different oxidation products upon high energy irradiation. 

Electrochemistry: Cyclic voltammetry (CV) was performed to 

investigate the electrochemical behaviors and probe the 

HOMO/LUMO energy levels of materials. The measurements 

were performed in chlorobenzene and half-wave potentials were 

determined relative to Fc/Fc+. CVs of materials are shown in 

Figure 1 (b). Both TT and PP show amphoteric redox behaviors 

and exhibit two reversible reductions and two reversible oxida-

tions for PP and only one reversible oxidation for TT. Half-wave 
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potentials of the first oxidation/reduction peaks were at 

0.23/−1.56 for TT and 0.02/−1.40 V for PP. From these values, 

the HOMO/LUMO energy levels were found to be −5.03/−3.24 

eV for TT and −4.82/−3.40 eV for PP. Thus, the electrochemical 

energy gaps were estimated to be 1.79 and 1.42 eV, respectively. 

As expected increasing the number of benzenoid rings in linear 

fashion reduces the HOMO-LUMO band gap by stabilizing the 

LUMO and destabilizing the HOMO energy levels at the same 

time. The ionization potential for the thin-film of PP determined 

using a photoelectron yield spectroscopy was −4.87 eV, which is 

in good agreement with the HOMO level measured by CV (See 

Supporting Information). 

Stability experiments of the materials in saturated air-

chloroform solution in lightening laboratory were performed and 

compared to TIPS-PEN by monitoring the change of UV/Vis 

absorption over time (Figure 2, see Supporting Information). TT 

has a half-life of 6.5 days and it is about 3.8 times more stable 

than TIPS-PEN (1.7 days). As TT and TIPS-PEN have absorp-

tion bands in the same region of the spectrum and the  value of 

TT is about 3.6 higher than that of TIPS-PEN, TT is intrinsically 

14 times more stable than the TIPS-PEN. Remarkably, PP is 

about 3 times more stable than TIPS-PEN with a half-life of 4.9 

days that increases to 19 days in presence of air without light. In 

solid state, PP is absolutely stable. 

 

Figure 2. Change of UV/Vis absorption (followed at their own 

max) over time in chloroform (20 m) of TT and PP compared to 

TIPS-PEN.  

VT 1H NMR, ESR and SQUID measurements: Since the 

UV/Vis spectrum of PP shows that the singlet biradical state 

contributes in the ground state, variable temperature (VT) 1H 

NMR spectra were performed in 1,2-dichlorobenzene-d4 from 0 to 

140 °C (only shown up to 80 °C, Figure 3 (a), see Supporting 

Information). 

The assignments of the 1H NMR signals were based on COSY 

and NOESY experiments recorded at 20°C (see Supporting In-

formation). The two singlet signals at 9.72 ppm and 9.67 ppm 

were assigned to protons H8, H18 and H10, H20 respectively 

based on the presence of dipolar contacts with protons of the TIPS 

groups and a weak dipolar contact with protons of the phenyl 

groups for H8 and H18. The two other singlet signals at 9.53 ppm 

and 9.21 ppm were assigned to H5, H15 and H6, H16 respective-

ly. Even though protons H6, H16 are in close proximity with 

protons of the phenyl groups, no dipolar contact was observed. 

Therefore, we assume that the most deshielded signal should be 

assigned to protons H5, H15 since they are located at the zigzag 

edge of a ring which is delocalized in nature and the most shield-

ed one assigned to protons H6, H16 since they are located at the 

side of the molecule. The protons of the phenyl groups were 

easily identified at 8.09, 7.76 and 7.67 ppm for the protons in 

ortho, meta and para of the substitution respectively. The most 

deshielded signal centered at 7.51 ppm was attributed to protons 

H2, H12 and H3, H13 since they are at the side of the molecule. 

Theirs neighbors protons H1, H11 and H4, H14 were found to be 

at 8.18 ppm and 8.15 ppm respectively based on COSY and the 

presence of a dipolar contact between H1, H11 and the protons of 

the TIPS. 

The VTR experiments show that at 0 °C, all the signals are 

sharp and as the temperature increases, the signals of protons H8, 

H18 and H10, H20 and H1, H11 broaden and disappear complete-

ly at 80 °C. The signals of protons H5, H15 and H2, H12 and H3, 

H13 broaden but do not collapse even at 140 °C (see Supporting 

Information). The signal of protons H6, H16 and the three signals 

related to the protons of the phenyl groups are not much altered. 

All the signals are recovered when the sample is cooled back to r.t 

indicating that PP is stable when heated in solution. The 1H NMR 

signal broadening by increasing temperature is a typical phenom-

enon for singlet open-shell PAHs and results from a thermally 

accessible triplet biradical form which is slightly higher in energy 

than the singlet biradical one. Hence, the spin distribution of the 

triplet biradical of PP (Figure 3 (b)) was calculated and indicates 

that the spin density is highly localized at the zigzag edge. The 

protons that hold the highest spin density collapse in VT 1H NMR 

experiment whereas the other protons with less spin density or 

with no density at all broaden or are not much altered. 

 

 

 

Figure 3. (a) VT 1H NMR spectra (aromatic region) of PP in o-

DCB-d4. The signal assignments referred to the structure shown in 

Chart 1; (b) Spin density of the triplet biradical of PP; (c) ESR 

spectrum of PP in powder at r.t.; (d) mT versus T plot for PP in 

the solid state in the temperature range 5-400K from SQUID 

measurements. 

In solid state, PP exhibits a ESR signal at g = 2.0026 at room 

temperature (Figure 3 (c)) which is typical for singlet open-shells 

with triplet state thermally accessible. The super conducting 

quantum interference device (SQUID) measurement at the 

temperature range of 5-400K shows that the magnetic 

succeptibility (mT) decreases with a reduction of temperature 

(Figure 3 (d)). Fitting the data by using Bleaney-Bowers equation 

gave a singlet−triplet energy gap ( S-T) of -4.85 kcal/mol (2J = -
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1696 cm-1).23, 24 Similar mT versus T plots and S-T values were 

obtained recently with biradical picene derivatives.10h 

Theoritical Calculations: In order to have a deeper insight into 

the electronic nature of PP, density functional theory (DFT) 

analysis was performed using Gaussian 16 except for anisotropy 

of the current induced density (ACID) plot and nucleus‐

independent chemical shift (NICS) calculations (see Supporting 

Information for details).25,26 The biradical character was estimated 

from the electron occupancies of the frontier natural orbitals 

through the Yamaguchi’s scheme (y0) at UHF/6-31G(d,p) level of 

theory.27 For comparison, the biradical character of PEN, 

hexacene (HEX) and heptacene (HEPT) and their homologues 

functionnalised with TIPS-acetylene were also calculated (Table 

1, see Supporting information). For the calculation, the TIPS 

groups were replaced by TMS groups. For all systems under 

studies, the TMS-acetylene groups increase the biradical character 

by about 0.04–0.06 due to the extra resonance afforded by each 

spin and reduces the energie difference between singlet and triplet 

open-shell forms. The calculations predict that pristine TT and 

PEN and theirs functionnalized homologues have a closed-shell 

ground state whereas PP and higher acenes have an open-shell 

ground state. PP has a biradical character y0 of 64%, value in 

between of TMS-HEX (58%) and TMS-HEPT (68%). Indeed, 

the biradical character increases while the band gap and the 

singlet-triplet energy gap decrease. 

Table 1. DFT calculation of the biradical character (y0) 

Compound y0
a 

(OS – CS)b  S-T
b 〈s2〉b 

native TT 0.45 0 −17.19 0 

TT 0.50 0 −13.86 0 

native PP 0.60 −0.109 −8.43 0.265 

PP 0.64 −0.374 −6.54 0.460 

PEN 0.41 0 −18.00 0 

TMS-PEN 0.47 0 −13.55 0 

TMS-HEX 0.58 −0.256 −8.40 0.373 

TMS-HEPT 0.68 −1.898 −5.46 0.828 

TMS-DNP 0.57 0 −9.50 0 

a at UHF/6-31G(d,p) level of theory; b at B3LYP/6-311G(d,p) level 

 

The calculated singly occupied molecular orbital (SOMO) 

profiles of the  and  spins of the singlet biradical form of PP, 

shown in Figure 4 (a) are highly delocalized and the spin density 

map indicates that the largest spin densities are typically found at 

the zigzag edge (Figure 4 (b)). The couple of carbons C9 and C19 

(0.188) holds the largest spin density, followed by the carbons C8 

and C18 (0.158), and then by the carbons C10 and C20 (0.104). 

The carbons C9 and C19 are protected with TIPS-acetylene and 

the latter bears appreciable spin density (0.099) and so takes part 

to the delocalization of the spin as mentioned above. These results 

indicate that PP should be considered as a resonance hybrid struc-

ture between the closed-shell form and six open shell resonance 

forms having the highest thermodynamic stabilities by keeping 

four aromatic sextets as shown in Figure 4 (c). 

The origin of the open-shell nature of PP is interesting. As 

shown in Chart 1, the Clar’s structures of ANT, TT and PP pos-

sess two aromatic sextets that are delocalized over two, three and 

four rings respectively. These representations correspond to three 

Clar’s resonance forms for ANT, to eight Clar’s resonance forms 

out of ten possible for TT and to fifteen out of nineteen possible 

for PP (see Supporting information). In contrast to ANT that 

cannot hold an aromatic sextet in the rings marked in red accord-

ing to Clar’s sextet rule, the missing two structures for TT and 

four for PP correspond to those where one aromatic sextet would 

be localized on that rings that can be neglected (2/10 for TT and 

4/19 for PP) (See Supporting Information).28 

 

Figure 4. (a) Calculated SOMOs for the  and  electrons 

(UCAM-B3LYP) and (b) spin density distribution of the singlet 

biradical of PP with TMS group for simplification; (c) Resonance 

between the closed-shell and the open-shell forms of PP. 

These representations would suggest that the rings marked in 

red should have a bond with a high degree of double character 

(shortest bond length) and the remaining bonds at the zigzag edge 

should be similar to naphthalene for ANT, anthracene for TT and 

tetracene for PP. 

The theoretical bond lengths of ANT, TT and PP along with 

those of naphthalene, anthracene and tetracene are depicted in 

Figure 5. The bond lengths at the zigzag edge of the acenes show 

bond length alternation and the double character of bond a in-

creases with the acene length going from 1.373 Ǻ for naphthalene 

to 1.367 Ǻ for anthracene and 1.363 Ǻ for tetracene. For the peri-

fused systems, as expected the bond lengths of bonds a are the 

shortest ranging from 1.355 Ǻ for ANT to 1.358 Å for PP indicat-

ing their high degree of double bond character. The remaining 

bond lengths of ANT, TT and PP at the zigzag edge are very 

similar to naphthalene, anthracene and tetracene respectively 

except for the bonds c and d. Since these bonds are very similar 

for the three peri-fused systems, we can assume that these bonds 

lengths are governed to some extend by the geometry of the mole-

cules. 

 

Figure 5. Theoretical bond lengths of naphthalene, anthracene, 

tetracene, pristine ANT, TT and PP. 

The Clar’s representations of the three peri-fused systems are 

also in agreement with the calculation of NICS using the NICS-
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XY scan and -only methods and the corresponding anisotropy of 

the current induced density (ACID) plot (Figure 6).25-26 

For all systems, rings A sustain the lowest diatropic ring current 

with NICS(1.7)zz values ranging from −10.0 to −10.4 ppm indi-

cating that rings A are not delocalized rings. The NICS(1.7)zz 

values of rings B and C for ANT, rings B, C and D for TT and 

rings B, C, D and E for PP are similar to those obtained for naph-

thalene, anthracene and tetracene respectively (see Supporting 

Information). The acid plots indicate that the diatropic ring cur-

rent is mainly delocalized at the zigzag edge and all the rings 

sustain a diatropic ring current (red arrows) like for delocalized 

rings except for rings A for which the diatropic ring current (blue 

arrows) is rather related to a conjugation. There is also a trans-

annular ring current (black arrow) below rings A due to the fact 

that the rings below are delocalized rings in nature confirming the 

Clar’s representation of the three peri-fused systems as shown in 

Chart 1. 

 

Figure 6. NICS(1.7)zz calculations and acid plots of closed-shell 

forms of ANT, TT and PP. 

Accordingly, the closed-shell of PP can be considered as two 

tetracene fused at the face and bridged by two ethylenic spacer. 

Therefore, the open-shell character of PP occurs due to the con-

comitant opening of two tetracenes with the recovering of two 

extra aromatic sextets. 

In the recent literature, there are two open shell systems namely 

peri-tetracene (PT) and its opened homologues tetrabenzo-

[a,f,j,o]perylene (TBP) that involve the opening of two tetracenes 

(Figure 7).12 However, in these cases, the opening of the two 

tetracenes leads to the gain of three aromatic sextets instead of 

two indicating that the change of aromaticity between the closed- 

and the open-shell for them is higher than for PP. In contrast, for 

the isomer of TBP namely dinaphto[a,j]perylene (DNP), the 

change of aromaticity between the closed- and the open-shell is 

lower than for PP since the biradical form has only one extra 

aromatic sextet (Figure 7).29 Consequently, DNP is a closed-shell 

system in the ground state according to DFT calculation even 

though DNP has a biradical character y0 of 57 % very closed to 

that of TIPS-HEX (58%) (see Table 1). The difference between 

DNP and TIPS-HEX is the absorption behavior. DNP has a max 

at 719 nm while TIPS-HEX absorbs at 740 nm. Accordingly, it 

seems that for benzenoid PAHs functionalized with TIPS-

acetylene, the absorption cut-off should be around 740 nm to get a 

singlet biradical in the ground state. 

 

Figure 7. Resonance forms of PT, TBP and DNP. 

It is noteworthy to know that for rylene ribbons, the concomi-

tant opening of six naphthalenes is necessary to get an open-shell 

character while for anthenes, the open-shell character occurs with 

the opening of three anthracenes with the formation of three extra 

aromatic sextets.13, 11a 

X-ray Crystallographic Analysis: Single crystals of TT were 

obtained by slow evaporation from a chloroform solution. The 

crystal has a triclinic symmetry with P-1 space group. The mole-

cule is not perfectly planar but slightly wavy due to the fact that at 

the bay region, the torsion angle between carbons 4, 4a, 4b and 5 

is about −9.36° (Figure 8). Consequently, the experimental bond 

lengths are not strictly comparable to that of the calculated ones. 

Nevertheless, the bond lengths at the zigzag edge show bond 

length alternation. Even though the bond lengths of bonds a 

(1.362 Ǻ) and h (1.363 Ǻ) are nearly identical in contrast to the 

calculated ones (1.356 Ǻ for a and 1.367 Ǻ for h), the bond b is 

much longer (1.446 Ǻ) suggesting that the bonds a and b belong 

to a ring where the -electrons are not delocalized but rather 

fixed. Moreover, even though the bonds lengths of bonds e (1.419 

Ǻ) and f (1.417 Ǻ) are longer than that of the calculated ones 

(1.397 Ǻ for e and 1.399 Ǻ for f), they are also nearly identical. 

Amazingly, like TIPS-PEN, TT adopts a 2-D “bricklayer” ar-

rangement even if the TIPS groups are not in the middle of the -

skeleton (Figure 8).3a The phenyl groups help at the arrangement 

of the molecules as they are in the middle of two TIPS of adjacent 

molecules. Due to the inversion center located at the middle of the 

stacked dimer, there are two alternating intermolecular center-to-

center distances of 7.63 and 9.67 Ǻ between adjacent molecules. 

The corresponding interplanar distances are 3.53 and 3.43 Ǻ, 

respectively. 

 

Figure 8. Experimental selected bond lengths and molecular 

packing of TT. 

OFET Devices: Thanks to the stability of TT and PP, OFETs 

in solution-processed thin films were fabricated (see Supporting 

Information for details). Although organic semiconductors are 

intrinsically ambipolar and should be able to transport both holes 

and electrons, however, most PAHs including pentacene, only 

show unipolar p-type transport behavior in the standard device 

configuration using gold as the source and drain electrodes.30 In 

contrast, the small energy gap and the amphoteric redox character 

of TT and PP allow both carrier injection and an ambipolar 

charge transport in bottom-gate/top-contact (BG/TC) devices. A 

BG/TC device with the PP layer formed by the solution-shearing 

method showed balanced hole (0.07 cm2 V−1 s−1) and electron 

(0.02 cm2 V−1 s−1) mobilities (Figure 9), which are more than one-

order of magnitude higher than those previously reported for most 

biradical PAHs. 8e, 10e, 10h Since the mobilities of small molecules 

are strongly related to the crystallinity of the films, which depends 

on the preparation method such as spin-coating, drop-casting, dip-

coating or solution-shearing, we observed a better hole mobility 
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for the drop-casted PP devices (μh = 0.21 cm2 V−1 s−1 and μe = 

0.01 cm2 V−1 s−1) owing to the larger crystalline domains (See 

Supporting Information). The corresponding TT devices also 

showed ambipolar transport with slightly lower mobilities (μh = 

0.14 cm2 V−1 s−1 and μe = 0.006 cm2 V−1 s−1). Further optimization 

resulted in better hole mobilities up to 1.4 cm2 V−1 S−1 and 0.77 

cm2 V−1 S−1 for PP and TT, respectively, in TG/BC devices with 

CYTOP, which has a low dielectric constant and low interface 

trap sites. The increase of the hole mobilities in the large crystal-

line films makes observing the relatively low electron transport 

difficult. Since a single crystal of PP could not be obtained, the 

potential of PP has not been completely elucidated. However, the 

mobility of PP is much higher than that of polycrystalline TIPS-

PEN and many other PAHs fabricated by standard solution pro-

cesses. These results proved that low band gap materials based on 

acenoacenes with closed- and open-shell structures are excellent 

organic semiconductors. 

 

Figure 9. OFET devices of PP. (a) and (b) Output and (c) Trans-

fer characteristics of a BG/TC device with a solution-sheared PP 

layer; (d) Transfer characteristics of a TG/BC device with a drop-

casted PP layer. 

CONCLUSION 

We have reported the efficient synthesis of two peri-fused ma-

terials TT and PP. Suitably functionalized with TIPS-acetylene at 

the most reactive site and the presence of phenyl groups at the 

zigzag edge, TT and PP are low band gap materials of 1.79 and 

1.42 eV, respectively, and exhibit remarkable high stability under 

ambient condition. Thanks to different experimental techniques 

and DFT calculations, we have shown that TT and PP have a 

closed-shell and open-shell configuration in the ground state, 

respectively. The open shell character of PP is related to the 

concomitant opening of two tetracenes with the recovering of two 

extra aromatic sextets and a small HOMO-LUMO energy gap 

(gap < 1.5 eV). Thanks to the high stability, thin films OFETs 

could be fabricated. In TG-BC configuration, PP shows remarka-

ble hole mobility of 1.4 cm2 V−1 s−1 while TT exhibits a hole 

mobility of 0.77 cm2 V−1 s−1. In configuration BG-TC, ambipolar 

behaviors for both were obtained with hole and electron mobilities 

of 0.21 and 0.01 cm2 V−1 s−1 for PP and 0.14 and 0.006 cm2 V−1 

s−1 for TT. Since PP is a singlet biradical in the ground state and 

exhibits high stability and high mobility, it could be one of the 

rare open shell materials suitable to be used in spintronics.7a, 31 

The synthesis of other pentacenopentacene isomers and longer 

homologues is underway in our laboratory. 
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